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ABSTRACT

Muthireddy, Rajesh. M. S. The University of Memphis. May/2010. Condition
Monitoring of electric motors using Motor Current Signature Analysis and
Acoustic Emission. Gary Qi.

Electric motors are critical components in industrial processes and rolling
element bearings are an essential part of them. Studies show that most of the
motors fail due to the failure of bearings inside them. The bearings are by nature
subjected to various kinds of loads including eccentric forces due to the
attachment of power transmission units such as gears, pulleys and fans, and as
such bearing life depends on the load type, magnitude and operating conditions.
Monitoring the bearing condition can greatly reduce manufacturing down-time
and improve maintenance costs.
In this thesis, I compare two non-invasive, online condition monitoring techniques
for electric motors independently subjected to eccentric loading, bearing
contamination and elevated temperatures. A test rig was built for the study.
Results indicate that early electric motor bearing failure detection is best
captured by Acoustic Emission (AE), whereas Motor Current Signature Analysis
(MCSA) can be used to assess and interpret the overall electrical condition of the
motor.
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CHAPTER 1. INTRODUCTION
Induction motors are widely used industrial components and serve as the
backbone of many industrial processes. They have simple and strong
construction with high reliability and low production cost. Bearings play a vital
role in the reliability and the performance of an induction motor, because roller
bearings are used as support for the rotor. However failures are inevitable in
induction motors taking into account the thermal, electrical and mechanical
stresses they are subjected to. Based on studies [1] by Motor Reliability Working
Group (MRWG) and by Electric Power Research Institute (EPRI) the failure
statistics of induction motor components in percentages of failures are as below:
Bearing related: 40%.
Stator related: 38%.
Rotor related: 10%.
Others: 12%.
From the above data we see that most of the failures in an induction motor
are linked to bearings and stators. The reason for these faults in a motor are
primarily the result of wear and might also be due to errors in the motor
manufacturing, improper use and ambient conditions like temperature, moisture.
These problems lead to increased costs, deterioration of process safety
conditions and the final product quality.
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A bearing failure increases the rotational friction of the rotor. Some of the
bearing faults of a motor discussed in literature [2, 3] are due to electric pitting,
cracks formed due to excessive shock loading and pitting due to fatigue loads.
Some of the stator faults may be due to short circuit of the stator winding,
ground faults, broken rotor bars and others [4]. Early detection of these faults
avoids unanticipated factory stops and can therefore save money [5, 6].
The widespread use of motors in both industry and commercial life require
appropriate technologies to efficiently and effectively monitor their health status.
Condition monitoring can be defined as a technique of monitoring machines in
which a change in the monitored signal is used to estimate the condition of a
machine. Many advanced technologies are used to determine the equipment
condition and predict failure.
The following methods are in use today:


Vibration Analysis



Acoustic Emission



Motor Current Signature Analysis



Thermography



Oil Analysis
In many situations, vibration and acoustic monitoring methods are utilized

to detect the failure in a motor. However placing a delicate and expensive
sensing device on the motor might not be possible or practical in many cases,
especially for a food processing facility with large number of machines which
operate under dangerous conditions. This is the reason why, in spite of existence
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of vibration methods, it has been suggested that motor current signature analysis
can provide useful monitoring signal information obtained externally (and
remotely) to the motor [7].
The literature indicates that even though the emphasis is on vibration
measurement methods for the detection of defects in rolling element bearings in
induction motor, Motor Current Signature Analysis (MCSA) and Acoustic
Emission (AE) can be effective alternatives to the vibration measurement
because of their faster diagnosis. MCSA and AE both have their respective
advantages and disadvantages. Where MCSA falls short, AE does the job
effectively and vice versa. Very few studies have been carried out on an
induction motor using MCSA in conjunction with AE for the detection of bearing
defects and electrical motor faults.
Bearings are subjected to eccentric loading because they are connected
to various power transmission units such as fans, gears and pulleys. But there
has been very little research on the effect of bearing response with eccentric
loading. Also 60 percent of the motor faults occur due to reasons other than the
bearing faults such as broken rotor bars, stator winding faults, mechanical
imbalance, faulty manufacturing processes etc [1].
Taking into account all the above factors the present work was undertaken
for the detection and diagnosis of induction motor, rolling element bearing faults
under eccentric loading, contaminants and electrical faults using AE and MCSA.
Experimental investigation has been carried out to study the influence of these
parameters for bearings with various kinds of loads and faults in the motor.
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1.1 Objective
The objective of this thesis is to diagnose the electrical and mechanical
condition of induction motors using Motor Current Signature Analysis and
Acoustic Emission subjected to eccentric load, contamination and high
temperatures.

1.2 Significance
Electric motors play a major role in the plant and run continuously
throughout the year. When they fail, they can cause huge productivity and
financial losses to the company. The failures can be addressed by establishing a
preventive maintenance and condition monitoring program, which would lead to
cost savings by avoiding unplanned motor failures.

1.3 Purpose
The main purpose of the thesis is to address some of the motor problems
in the food processing industry. Food processing industries use motors
extensively for their operations. We have been to one such plant, Kellogg’s,
which is one of the leading producers of cereals. The Kellogg’s plant in Memphis
has been experiencing a lot of problems with its motors.
Food grains such as wheat, corn, barley and rice are used to produce
cereals such as Cornflakes, Rice Krispies, and Apple Jacks. The raw corn is
processed and crushed between two large rollers which run at different speeds
so as to shear and produce the flake. The rolled corn flake is then continuously
conveyed through corn dryers. A corn dryer is roughly a 60ftx20ftx20ft enclosed
4

oven with 36 internal fans (Fig. 1), which continuously blow hot air onto the corn
flakes so as to remove the moisture and make the corn crisp. The 36 fans in the
dryer are directly attached to motors which operate in the 225F atmosphere at all
the time.
These fans are assembled as 3 motors vertically placed one above the
other in 12 columns (Fig. 2).

Fig. 1. Corn dryer
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Fig. 2. Motor and fan assembly in the corn dryer
The motors used are 6 HP induction motors. They weigh at 300 pounds,
cost 600$ and run at 3600 rpm. The fans are attached directly to the motor and
each fan weighs at around 60 pounds. The problems associated with this corn
dryer are:


The motors fail without any warning. The average life of each motor is six
months and if three or more motors fail at the same time, then the whole
process of cereal production is stopped until the motors are replaced.



The process of replacing the motor stands as a challenge to the
maintenance crew because of the severe operating condition (confined
space, weight of the motor and the fan and high temperature of 225F).



If the downtime is greater than three hours then tons of in-process corn
material is scrapped at great expense.
6

A failed motor from the company was taken from Kellogg’s and inspected
at a local motor rebuild shop (Fig. 3), Heavy Machinery Inc. (HMI), Memphis, TN.
HMI has all the records of the motors that failed in Kellogg’s and the reason for
their failure. From the records we came to know that the primary reason for the
failure of the motors was the failure of the bearings inside them, broken rotor
bars and winding shortage.

Fig. 3. Stator and rotor of a failed motor from Kellogg’s.
From the analysis of the failed motor, we found out that this specific motor
has failed due to the failure of bearings inside them (Fig. 4). The reason for the
failure of the bearing from failure analysis suggests that the bearings fail by
drying out of the grease and due to eccentric loading.
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Fig 4. Bearings from the failed motor.
The motors used are custom made 6 HP motors; the specs of the motor
can be found in Table 1. The bearings used in these motors are SKF 6203
bearings with inner diameter of 35mm and outer diameter of 70mm. These
bearings are shrunk fit onto the motor and are properly greased with food grade
(FG) grease. The high temperatures the bearings are subjected to dries out the
grease inside them. We observe that the bearing was also subjected to pitting in
which case small pits are observed when seen under a micro scope (Fig. 5). The
metallic contaminants from these pits are suspended in the grease which causes
even more damage and results in the failure of the bearing and the motor. The
size of the pits was found to be in the order of 0.25-0.5 mm.
The bearing failures are also attributed to accumulated debris from the
corn along their blades leading to an unbalanced condition and eccentric fatigue
loading on the bearing. Sometimes the fans are assembled improperly which

8

also contributes to the eccentric loading. Also the bearings are subjected to
thermal stresses due to the high temperature.

0.25mm
m

Fig. 5. Pits observed on the outer raceway of the bearing.

1.4 Outline
In Chapter 1, a brief introduction about the importance of motors in
industries and reasons for the failures of the motors was presented along with
the purpose of taking up this study, its significance and the objective. In chapter
2, the literature review is presented; wherein, AE and MCSA procedures and
previous work are discussed.
Chapter 3 shows the methodology. Chapter 4 explains how the
experimental test rigs were built and experimental details. Chapter 5 is the
results and discussion section. Chapter 6 has the conclusion, and Chapter 7
contains references of previous works used in this thesis.
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CHAPTER 2. LITERATURE REVIEW

2.1 Motor Current Signature Analysis
Some of the main faults of electrical motors can broadly be classified as
the following [8]:
1) Stator faults resulting in the opening or shorting of one or more of a stator
phase winding;
2) Abnormal connection of the stator windings;
3) Broken rotor bar or cracked rotor end-rings;
4) Static and/or dynamic air-gap irregularities;
5) Bent shaft (akin to dynamic eccentricity) which can result in a rub between the
rotor and stator, causing serious damage to stator core and windings;
6) Shorted rotor field winding;
7) Bearing and gearbox failures.
These faults would produce the following symptoms:
1) Unbalanced air-gap voltages and line currents;
2) Increased torque pulsations;
3) Decreased average torque;
d) Increased losses and reduction in efficiency;
5) Excessive heating.
There are many methods to detect these faults such as vibration, AE and
MCSA. But MCSA has an edge in detecting the electric failures and broken rotor
bars over other fault detecting techniques. For example, vibration can detect the
fault of a broken rotor bar, but normally vibration is detected at the bearings of a
10

motor and for each motor there is a different mechanical stiffness between the
electromagnetic forces caused by broken bars and the position where the
vibration is sensed. This becomes even more complicated when we try to
measure the severity of the problem via vibration analysis. Electromagnetic
forces are proportional to the flux density squared waveform in an induction
motor [9, 10]. Hence, the vibration from unique electromagnetic forces from
broken bars, etc., is a second order effect compared to current components
which are directly induced from the specific rotating flux waves [11]. In many
cases, the fault severity (e.g., number of broken rotor bars) has to be serious
before it can be detected by vibration analysis. This is not the case with MCSA
as has been proven via numerous industrial case histories.
MCSA is done by taking the current spectrum of one leg of a three phase
current input to the motor. The input time domain signal is filtered, and Fourier
Fast Transformations (FFT) are done on the signal to get the FFT signal. Once
we get the frequency domain signal, we look out for any abnormalities in that
signal which directly correspond to the health of the motor.
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Fig. 6. Overview of MCSA
MCSA is a system used for analyzing or trending dynamic, energized systems.
Proper analysis of MCSA results will assist the technician in identifying [12]
1. Incoming winding health
2. Stator winding health
3. Rotor Health
4. Air gap static and dynamic eccentricity
5. Coupling health, including direct, belted and geared systems
6. Load issues
7. System load and efficiency
8. Bearing health
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Types of faults and detection through MCSA are
2.1.1 Bearing faults

Fig. 7. Parts of a deep groove ball bearing 1: Outer race, 2: inner race, 3: ball, 4:
cage.
All induction motors use rotating spherical roller bearings. Each bearing
consists of two rings—one inner and the other outer (Fig. 7). A set of balls or
rolling elements placed in raceways rotates inside these rings [13]. Most of the
bearing failures are due to installation faults which are produced when he bearing
is forced improperly onto the shaft or into the housing. This causes brinelling of
the raceways and leads to premature failure. Brinelling is the formation of
indentations in the raceways as a result of deformation caused by static
overloading. While this form of damage is rare, a form of “false brinelling” occurs
more often. In this case, the bearing is exposed to vibrations; even though lightly
loaded bearings are less susceptible, false brinelling still happens and has even
occurred during the transportation of uninstalled bearings [14]. Under normal
operating conditions of balanced load and good alignment, fatigue failure begins
13

with a small fissure, located between the surface of the raceway and the rolling
elements, which gradually propagate to the surface, generating detectable
vibrations and increasing noise levels [14]. Flaking or spalling of bearings might
occur when fatigue causes small pieces to break loose from the bearing [15].
Bearings can also fail due to contamination and corrosion caused by pitting and
sanding action of hard and abrasive minute particles or corrosive action of water
or acid and also due to improper lubrication, which includes both over and under
lubrication causing heating and abrasion [14]. Misalignment of the bearing,
which occurs in the four ways depicted in Fig. 8, is also due to defective bearing
installation.
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Fig. 8. Types of bearing misalignment [16].
The relationship of the bearing vibration to the stator current spectrum can
be determined by remembering that any air gap eccentricity produces anomalies
in the air gap flux density. Since ball bearings support the rotor, any bearing
defect will produce a radial motion between the rotor and stator of the machine.
Riley et al. [17] presented a method for sensor less on-line vibration monitoring of
induction machines. This method assumed a linear relationship between the
15

current harmonics and vibration level. Da-Ming Yang and James Penman [18]
addressed the use of stator current and vibration monitoring to diagnose bearing
condition.
For the bearing damage to appear in MCSA, the problem has to be very
severe. Ball bearing related defects can be categorized as outer bearing race
defect, inner bearing race defect, ball defect, and cage defect. The vibration
frequencies to detect these faults are given by:

fv [Hz] =

fr[1 −

fv [Hz] =

fr[1 +

fv [Hz] =

fv [Hz] =

∅

]

∅

]
∅

fr{1 − [
[1 −

] }

∅

]

-Outer race defect

(1)

-Inner race defect

(2)

-Ball defect

(3)

-Cage defect

(4)

Where
fr is the rotational frequency
N is the number of balls
bd and dp are the ball diameter and ball pitch diameter, respectively

∅ is the contact angle of the ball (with the races).
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These characteristic fault frequencies are the result of the absolute
motion (vibration) of the machine. Schoen et al. [16] have shown that these
vibration frequencies reflect themselves in the current spectrum as

(5)

fBNG = |fs m fv|

Where, m= 1, 2, 3…, and fv are one of the characteristic vibration
frequencies. However, the experimental results were presented for rather
extensive bearing damage (such as a hole in the outer race of the bearing;
brinelling induced by a vibration table). Experimentation suggests that the
presence of a characteristic fault frequency in the machine vibration does not
guarantee its presence in the stator current [19]. The implementation of an
unsupervised on- line detection of these faults using artificial neural networks
(ANNs) has also been described by Schoen et al. [2]. Yazici et al. [20] have
reported an adaptive, statistical time frequency method for the detection of
bearing faults. Experiments were conducted on defective bearings with scratches
on the outer races and bearing balls and cage defects. McInerny et al. [21] also
presents the fundamentals of bearing fault detection techniques in a very
simplified manner.

2.1.2 Eccentricity related faults
Machine eccentricity is an unequal air gap existing between the stator and
rotor [22, 23]. When the air gap between the stator and the rotor becomes large,
the resulting unbalanced radial forces (also known as unbalanced magnetic pull
17

or UMP) can cause stator to rotor rub, and this can result in damage of the stator
and rotor. There are two types of air-gap eccentricity:


Static air-gap eccentricity



Dynamic air gap eccentricity
In the case of the static air-gap eccentricity, the position of the minimal

radial air-gap length is fixed. Static eccentricity may be caused by the oval shape
of the stator core or by the incorrect positioning of the rotor or stator at the
assembly stage.
In case of dynamic eccentricity, the center of the rotor is not at the center
of the rotation and the position of minimum air-gap rotates with the rotor. In other
words, if the air gap changes with respect to the change in rotor position, then it’s
known as dynamic eccentricity. It can be caused by several factors such as a
bent rotor shaft, bearing wear or misalignment, mechanical resonance, etc.
Dynamic eccentricity in a new machine is controlled by the total indicated reading
(TIR) or “run-out” of the rotor (Barbour and Thomson [24]). Unless detected early,
these effects will increase gradually causing a major breakdown of the machine
[24]. There are two methods for the detection of air-gap eccentricity. The first
monitors the behavior of the current at the sidebands of the slot frequencies [23].
The sideband frequencies associated with eccentricity are -

fslot+ecc = fs (kR ± nd)

± nw

(6)
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Where

fs is the electric supply frequency;
k = 1, 2, 3…;
R is the rotor slots number;
nd is the rotating eccentricity order ( its zero in case of static eccentricity and 1,
2, 3…, in case of dynamic eccentricity);
s is per unit slip;
p is number of pole pairs;
nw is the stator time harmonic order(1, 3, 5…);
This scheme has the advantage of separating the spectral components of
air gap eccentricity with those produced by broken rotor bars; it has the
disadvantage that it requires in-depth knowledge about the machine construction
such as rotor slots number.
The second method monitors the behavior of the current at the
fundamental sidebands of the supply frequency [25]. The frequencies are given
by:

fecc = fs 1 ± m

(7)

Where, m = 1, 2, 3. In this we do not need to know any knowledge
concerning machine construction. Modeling-based approaches to detect
eccentricity-related components in line current have been described in [25]. The
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simulation results obtained through the models can be corroborated by
permeance analysis and experimental results.

2.1.3 Broken Rotor Bars
Stator design has undergone many changes throughout the years, but it’s
not the same case for the rotor design and manufacturing. Therefore, rotor
failures now account for around 5%–10% of total induction motor failures
(Bonnett and Soukup [28], Kliman et al. [29]). Cage rotors are of two types: cast
and fabricated. Cast rotors were only used in small machines in the starting.
However, with the advent of cast ducted rotors, casting technology can be used
even for the rotors of even big machines. Fabricated rotors are limited these days
to only special application machines. Cast rotors are rugged than fabricated
rotors but once if there is any fault in them they cannot be repaired. The reasons
for rotor bars breakage are several [15]:
1) thermal stresses due to thermal overload and unbalance, hot spots, or
excessive losses, sparking (mainly fabricated rotors);
2) Magnetic stresses caused by electromagnetic forces, unbalanced magnetic
pull, electromagnetic noise, and vibration;
3) Residual stresses due to manufacturing problems;
4) Dynamic stresses arising from shaft torques, centrifugal forces, and cyclic
stresses;
5) Environmental stresses caused by for example contamination and abrasion of
rotor material due to chemicals or moisture;
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6) Mechanical stresses due to loose laminations, fatigued parts, bearing failure,
etc.
Kliman et al. [29], Thomson and Stewart [30], Filippetti et al. [31], and
Elkasabgy et al. [32] used spectrum analysis of line current to detect broken bar
faults. They investigated the sideband components fb around the fundamental for
detecting broken bar faults. The left-side component is caused directly by the
fault, while the right-side component is caused by the consequent speed ripple.
The sum of the amplitudes of these two components was proven to be a very
good diagnostic index, suitably correlated to the fault severity for fabricated
rotors.

fb = fs(1 ± 2s)

(8)

While the lower sideband is specifically due to a broken bar, the upper
sideband is due to consequent speed oscillation. F. Filippetti et al. [31] shows
that broken bars actually give rise to a sequence of such sidebands given by:

fb = fs(1 ± 2ks)

(9)

Where k = 1, 2, 3…
Other Spectral components that can be observed by monitoring the motor
current is given by Kliman et al. [29] as:

fb = k

±s

(10)
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Where k/p = 1, 5, 7….
Even though the equations for predicted frequencies are the same for both
air-gap eccentricity (7) and broken rotor bars (10) the frequency corresponding to
a particular harmonic number is different, allowing the two faults to be
distinguished. The amplitude of the left sideband frequency component is
proportional to the amount of broken rotor bars [33 ]. In fact, the amplitude Ib of
frequency component fs(1 − 2s) can be evaluated by [34 ].

=

∝
(

(11)

∝)

Where Is is the stator fundamental frequency component and

 = 2 Rb p / R

(12)

Rb is the number of broken bars. We can evaluate the general condition of
the rotor just by analyzing the stator current. If there are broken bars in various
parts of the rotor, the current analysis is not capable of providing information on
the configuration of noncontiguous broken bars. For example, the frequency
component fs(1 − 2s) does not exist if broken bars are electrically /2 radians
away from each other. The right sideband fs(1 + 2s)component could also be
used in monitoring fault severity. Its importance is clearly demonstrated in [15],
[26].
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2.2 Acoustic Emission
A lot of work has been done on Acoustic Emission prior to this; let’s take a
look at those works. According to S.Thota [35], AE is the phenomena of transient
elastic wave generation due to a rapid release of strain energy caused by a
structural alteration in a solid material under mechanical or thermal stresses, or it
is the rapid release of strain energy caused by deformation or damage on the
surface of a material [36]. Generation and propagation of cracks are among the
primary sources of AE in metals. The formation of subsurface cracks owing to the
Hertzian contact stress induced by the rolling action of the bearing elements in
contact with the inner and outer races, and the rubbing between damaged mating
surfaces within the bearing, will generate acoustic emission activity [37]. Catlin
[38] reported that AE activity from bearing defects was attributed to four main
factors including numerous transient and random AE signals associated with
bearing defects. It was also stated that the signals detected in the AE frequency
range represent bearing defects rather than defects such as imbalance,
misalignment, looseness and shaft bending. Furthermore Catlin noted that highfrequency AE signatures attenuate rapidly, therefore, if the transducer is placed
close to the bearing, it is possible to detect the high-frequency content induced
mainly by the bearing fault since signatures originating from other machine
components are highly attenuated upon reaching the sensor.
Roger [39] utilized the AE technique for monitoring slowly rotating
antifriction slew bearings on cranes employed for gas production and found some
encouraging results compared with vibration monitoring techniques. In this case
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grinding of the metal fragments in the bearing was found as a source of
detectable AE signatures. Yoshioka and Fujiwara [40, 41] have shown that the
AE parameters identified bearing defects before they appeared in the vibration
acceleration range. The modulation of AE signatures at bearing defect
frequencies has also been observed by other researchers [42, 43]. Bagnoli et al.
[44] investigated demodulation of AE signatures at the defect rotational
frequency (outer race) of a bearing. It was found that, when there was no defect,
the periodicity of the passage of the balls beneath the load could be readily
identified by observing the frequency spectrum of demodulated AE signatures,
but the AE intensity of the balls passing was less without the defect present.
Tandon [45] observed that the AE inputs such as the event count, amplitude
increased in a certain format with increased defect size (diameter of pit) and
load, he also compared AE technique with vibration measurements and
established that AE was able to detect smaller flaws (cracks, defects, etc) than
vibration analysis.
AE transducers are designed to detect the very high frequency (450 kHz)
stress waves that are generated when cracks extend under load. The most
commonly measured AE parameters are peak amplitude, counts and events of
the signal (Fig.9).
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Detection threshold

Time
Amplitude

AE Hit duration

Ring down counts

Fig. 9. Characteristics of an AE signal [35].
1. Hit data: Hit data are generated by each AE channel independently, and
describe usually one or a series of discrete AE signals with clear beginning and
end. The beginning of a hit is defined by its first threshold crossing and the end
by the absence of it [46].
2. Hits: Each hit returns the value 1 for each data hit set [46].
3. Ring down counts: The number of times the amplitude of the output signal
exceeds the preset voltage in a given time [47].
4. Events: This is a group of ring down counts occurring at an instant of time.
5. Peak Amplitude: The sum of amplitudes in each bin of the graph. Bin refers to
each division on the graph, for example if we divide 10 minutes into 100 bins
each bin corresponds to 36 seconds. The amplitude in each bin is the sum of
amplitudes of all the triggers in those 36 seconds.
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6. Absolute Energy: Absolute Energy is 6 byte value whose units are aJ (or atto
Joules). This feature is a True energy measure of the AE hit. Absolute energy is
derived from the Integral of the squared voltage signal divided by the reference
resistance (10 k-ohms) over the duration of the AE waveform packet. The range
is from 0.000931aJ to 1310.25nJ. Resolution is 0.000931aJ per count (at 1MHz
or greater sample rate). This feature is available in both the Hit and the Time
Driven data sets. As a hit feature, it reports the true energy of the AE hit. As a
time based feature, it reports the energy in the time driven data rate interval. As a
time driven feature, this is a very good parameter for monitoring continuous
signals as it is independent of a hit based activity.
Tandon and Nakra [48] looked into AE counts and peak amplitudes for an
outer race defect using a resonant-type transducer and concluded that AE counts
increased with increasing load and rotational speed. AE peak amplitude provided
information about defects irrespective of the defect size. Choudhary and Tandon
[49] employed AE for bearing defect identification on various sized bearings and
speeds from 500 to 1500 r/min. It was observed that AE counts were low for
undamaged bearings. AE counts increased with increasing speed for damaged
and undamaged bearings, while an increase in load did not result in any
significant changes in AE counts for both damaged and undamaged bearings.
Tan [50] used a variation of the standard AE count parameter for
diagnosis of different sized ball bearings. He stated that there would be difficulty
in selecting the most appropriate threshold level for standard AE counts, in
addition to these Tan cited a couple of other drawbacks with the conventional AE
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count technique. The first one is the dependence of the count value on the signal
frequency. Secondly, it was commented that the count rate was indirectly
dependent upon the amplitude of the AE pulses. Tan’s variation of the standard
AE counts technique involved computing the accumulated area under the
amplitude-time curve of the AE waveform over a specified time period. The
dependence of AE counts on threshold levels was also noted by Huguet [47]
during investigations on the use of AE for identifying damage modes in specific
materials.
The acoustic emission technique has also been employed by Miettinen
and Andersson [51] to monitor the lubricant condition in a rolling element bearing.
Moreover, successful applications of AE to bearing diagnosis for extremely slow
rotational speeds have been reported [52, 53]. It must be noted that AE signal
propagation is affected by material microstructure, inhomogeneties, geometrical
arrangement of free surfaces, loading conditions and the number of component
interfaces. All research on AE for bearing defect analysis was done on
experimental test rigs designed to reduce AE background noise. The successful
use of AE counts for bearing diagnosis is dependent on thes particular
investigation, and the method of determining the threshold is on the judgment of
the investigator.
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CHAPTER 3. TEST METHODOLOGY
3.1 Steps to be followed:
Step (1):


Inspecting the process up-close.



The entire mechanisms, dynamics of the process were learned.



The operating conditions are noted and the cause for the failure is
speculated.

Step (2):


Collecting the past data (in form of tables, pictures or graphs etc.)



By analyzing these graphs, a sense of the failure frequency was attained.

Step (3):


Interviewing the maintenance crew.

Step (4):


Obtaining the technical information about the machine like its speed,
power, operating parameters, and engineering parameters.

Step (5):


Obtaining the failed components for detailed study.



This helped in estimating the factors that were responsible for the failure
of the component. Knowledge about the failure modes helped us in
assigning the appropriate condition monitoring techniques with desired
parameters.

Step (6):


Identifying the sensors/instrumentation/software.
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Using the right instrumentation played an important role in source
characterization

Step (7):


Procure proper equipment and training.



Proper equipment is essential for performing experiments. Professional
training was needed to learn usage of instruments.

Step (8):


Application of the Instrumentation on the Test specimen.



A combination of experiments is run setting some parameter as a constant
(speed, load, temperature etc…).
a) Testing pure and contaminated bearings
b) Testing under ambient and elevated temperatures
c) Testing with good and damaged bearings
d) Testing with varying loading

Step (9):


Collecting signals and extracting signal characteristics which have
statistical consistency.
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CHAPTER 4. TEST RIG
There were two test rigs built so as to stimulate the forces acting on the
bearing.
The first one is a bearing test rig which is capable of simulating the forces
acting on the bearings of the motor. As discussed earlier the forces acting on the
bearings of the motor are eccentric loading due to the fan imbalance, thermal
stresses due to the elevated temperatures in the dryer and the electric pitting,
broken rotor bars and fatigue loading which causes small particles to come off
the raceways of the bearings and mix with the grease and act as contaminants.
Therefore this test rig thus built can apply eccentric loading and contaminants
into the bearing. In this test rig the bearing is remotely attached to the motor with
the help of a belt drive so as to study the effects on MCSA when there is a
problem with the power transmission unit attached to it. Another test rig was built
so as to study the effect of temperature and broken rotor bars which will be
discussed later.
The second test rig consists of a motor and this time the eccentric loading;
contaminants are directly attached to the motor itself. The bearing which is inside
the motor undergoes the eccentric loading and the effect of contaminants. This
test rig is also capable of being tested under elevated temperatures. We can also
test the effect of broken rotor bars and damaged outer races of a bearing on
motor current and acoustic emission with this test setup.
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4.1 Experimental setup for test rig 1
The bearing test rig is shown in the Figure 11. A 3-phase, 3 HP motor
(3540 RPM, 208-230 Volts and 60 Hz) is used. The motor is bolted onto the table
and is connected to a shaft, 35 mm in diameter through an A-38 V-belt drive
(refer Fig. 10). The Diameter of the motor pulley or the driving pulley is 2 inch
and the diameter of the driven pulley is 10 inch. This difference in the size makes
the shaft run at 702 rpm. Then the shaft has four support bearings which are
housed in two SKF SNL 207 housings.

Fig. 10. Bearing Test rig 1 outline
These bearings offer rigidity to the shaft. The bearings used for support
loads are SKF 6207 bearings which are the same bearings used in the motors at
Kellogg’s. The test bearing is placed at a distance of 13 inches from the second
support bearing. The test bearing used was a SKF 22207 E double taper
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spherical roller bearing. The defect frequencies for the SKF 22207 bearing are
shown in Table 1.
Table 1. Bearing fault frequencies for the bearing SKF 22207E

Defect Frequencies
Bearing
Designation
SKF 22207 E
(35 mm bore
dia.)

Fr

Dp

Db

Nb

11.66

54.77

10.2

32

12

fi

fo

fc

fb

108.33

78.3

4.89

69.17

Where
Fr - Shaft speed in Hertz (Hz).
Db - Roller diameter in mm.
Dp - Pitch diameter in mm.
Nb - Number of rollers.
- Contact angle in degrees.
fi – Inner race defect frequency in Hertz (Hz).
f0 – Outer race defect frequency in Hertz (Hz).
fc – Cage defect frequency in Hertz (Hz).
fb – Rolling element defect frequency in Hertz (Hz).
There is a pulley attached at a distance of 12 inches from the test bearing.
This pulley exerts some static loading on the bearing. The eccentric load was
applied on the bearing by attaching a weight of 0.627 lb which is a 4 inch offset
from the center onto the flywheel (Fig. 11). The resultant eccentric loading acting
on the bearing is 13247 in-lb.
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Support bearings

Eccentric load

Shaft

Flywheel
(5)

Acoustic emission
sensor

Test bearing
(4)

MCSA
Sensor

Fig. 11. Bearing test rig 1
For the metal particle contamination, metal particles (0.25-0.5mm) were
suspended in alcohol (Fig. 12) and injected into the bearing in increments of
18000 particles.

Fig. 12. Metal particles suspended in alcohol inside a syringe
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4.2 Instrumentation for test rig 1
For Acoustic Emission, data acquisition and post processing was carried
out using PAC (Physical Acoustics Corporation) instruments. A wideband sensor
with operating frequency range of 125 to 750 kHz, peak frequency of 292 KHz
and max db value of 69.69 was employed. The sensor was mounted onto the
test bearing housing with cyanoacrylate and connected to the pre-amplifier (set
at 40 dB) using a differential BNC connector. The acquisition system is an 18-bit
40 MHz A/D conversion with real time sample averaging techniques and a
sampling rate of 2 MHz’s. PAC’s (Physical Acoustic Corporation) AEwin™ and
Vallen’s VisualAE windows operated acquisition software’s are used for analysis
of AE signals.
For the motor current signature analysis, we use a Amprobe clamp-on
current transformer (see Fig. 13). The range of the transformer is 0.1 to 400
Amps. The sensitivity is 0.01 Amp. This current transformer is connected to a
National Instruments USB 9233 data acquisition carrier which has a four channel
analog input with voltage range of +5V to -5V and maximum sampling rate of 50
KHz. This is connected to a computer where post processing of the acquired
signal is done using NI Signal Express software. The raw time domain signal is
filtered using a low pass band filter of 1 KHz. FFT is performed on the filtered
signal. The rms value of the power density spectrum is performed. The peak to
peak value of the filtered time domain signal is also collected.
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Fig. 13. Amprobe A400 Current transformer attached to one of the legs of a 3phase motor.

4.3 Test procedure for the test rig 1


The Bearings are shrunk fit on to the shaft. For this the bearings are first
heated up and then are slipped onto the shaft. One has to take utmost
care is while mounting the bearings on to the shaft. The bearings in the
rigid support are fixed permanently but the test bearing has to be replaced
often.



The most important step every time before operating the rig is to make
sure if all the electrical connections are unplugged.



Checking if the nuts and bolts of the motor, bearing housings are held
tightly to the base, pulleys, and the eccentric weights.



Checking if the bearings in the rigid supports and the test specimen are
properly fit on to the shaft without any misalignment.
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Checking with a precise level if the table acts a reliable flat base to
conduct the experiments, if not adjustments can be made at the bottom.



Check if there is a fire extinguisher in the near vicinity of the test rigs just
in case.



Check if the sensor is properly glued on to the housing of the test
specimen and route the wires way out safely without its interference with
the rotating shaft.



Check if the belt drive is properly attached to both the pulleys and both the
pulleys are tightly secured.

4.4 Experimental setup for test rig 2
The bearing test rig is shown in Fig. 14.It is a fairly simple design where in
a single phase, 1.5 HP motor (1140 RPM, 208 Volts and 60 Hz) is used. The
motor is bolted onto the table and is connected to a pulley 6 inch in diameter. To
the pulley, we attach a mass of 0.22 lb at a distance of 2 inch offset from the
center. This setup provides a resultant eccentric load of 6265 lb-in.
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Eccentric
Mass

MCSA

Acoustic Emission

Fig. 14. Bearing Test Rig 2
The eccentric load is directly applied on the bearing inside the motor. The
Bearing used is a SKF 6203 deep groove ball bearing. The fault frequencies of
this bearing are shown in Table 2.
Table 2. Bearing Fault frequencies for the Bearing SKF 6203

Defect Frequencies
Bearing Designation
SKF 6203
(17 mm bore dia.)

Fr

Dp

19 6.746

Db

Nb

28.499

8

Where
Fr - Shaft speed in Hertz (Hz).
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fi

0 93.99

fo

fc

fb

58.2 11.74 75.76

Db - Ball diameter in mm.
Dp - Pitch diameter in mm.
Nb - Number of rollers.
- Contact angle in degrees.
fi – Inner race defect frequency in Hertz (Hz).
f0 – Outer race defect frequency in Hertz (Hz).
fc – Cage defect frequency in Hertz (Hz).
fb – Rolling element defect frequency in Hertz (Hz).
The metal particle contamination on this test rig is achieved in two steps of
18000 particles being introduced into the bearing. For this the whole motor has to
be disassembled, and the bearing has to carefully taken out. Contaminants are to
be introduced and installed back into the motor. There is a test with a damaged
outer race where a elliptic hole is made on the outer race of the bearing, and the
motor is run with this damaged bearing installed in it.
The motor was also run at elevated temperatures of 110F and 150F. The
motor was also run by drilling holes in the rotor of the motor so as to stimulate
the broken rotor bars. The experiment was done with two broken rotor bars with
increments of 1.

4.5 Instrumentation for test rig 2
For acoustic emission, data acquisition and post processing was carried
out using Vallen instruments. A NANO30 sensor with operating frequency range
of 125 to 750 kHz, peak frequency of 292 KHz and max db value of 69.69 was
employed. The sensor was mounted onto the motor housing with cyanoacrylate
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glue. It’s then connected to the pre-amplifier (set at 40 dB) using a differential
BNC connector. The acquisition system is an 18-bit 40 MHz A/D conversion with
real time sample averaging techniques and a sampling rate of 2 MHz’s. Vallen’s
VisualAE™ windows operated acquisition software is used for analysis of AE
signals.
For the motor current signature analysis, we use an Amprobe clamp-on current
transformer (see Fig. 13). It’s the same instrument used in the bearing test rig 1.

4.6 Test procedure for the test rig 2


The most important step every time before operating the rig is to make
sure if all the electrical connections are unplugged.



The motor is disassembled from the table by removing the bolts through
which it is attached to the table.



The nuts on the front end of the motor are removed carefully.



The cover enclosing the fan of the motor is removed by unscrewing three
bolts. Then four bolts which hold the motor in place are removed.



The fan on the rear end of the motor is removed by removing the snap
ring which secures the fan.



The front end of the motor cover is removed by gently tapping it out from
its place. Then the rotor is removed carefully so as to not touch the stator.



The bearing on the front end of the rotor is carefully removed by heating it.
Care should be taken because the rotor would also get heated in this case
and it might be difficult to get the bearing out.
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The new bearing is shrunk fit on to the rotor by heated it up and slipping it
into place. Utmost care should be taken while mounting the bearings on to
the rotor.



The motor is assembled back into its place carefully following steps 1-5 in
a reverse order.



Check if there is a fire hydrant in the near vicinity of the test rig.



Check if the sensor is properly glued on to the housing of the motor and
route the wires way out safely without its interference with the rotating
shaft.



Check if pulley and the eccentric mass are tightly secured.

4.7 Experiments:
There are six experiments to be done on both test rig’s
1. Effect of greased and lightly oiled bearings on AE and MCSA when the
bearing is remotely attached to the motor.
2. Effect of eccentric load on both MCSA and AE when the bearing is
remotely attached to the motor.
3. Effect of metal particles contamination on MCSA and AE when the bearing
is remotely attached to the bearing.
4. Effect of eccentric load on MCSA and AE when the load is applied directly
on the bearing inside the motor.
5. Effect of damaged raceway of a bearing on MCSA and AE when the
bearing is installed on the rotor of the motor.
6. Effect of elevated temperatures on MCSA.
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CHAPTER 5. Results and Discussion

5.1 Effect of greased and lightly oiled bearings on AE and MCSA
when the bearing is remotely attached to the motor
For the first experiment, a comparison is made between AE and MCSA for
a lightly oiled bearing and a greased bearing. Lightly oiled bearing refers to the
bearing placed directly as purchased from SKF. The bearing is lightly oiled
without any grease in it so as to prevent it from corrosion. A double taper
spherical roller bearing (SKF 22207) is used for this purpose. Greased bearing
refers to a bearing packed with 20 grams of purity FG food grade grease. The
results were taken when the shaft was rotating at 700 rpm and for statistical
consistency the experiments were run for 5 times under same condition and an
average of the five readings were taken (Table 3).
Table 3. AE data when bearing was run lightly oiled and greased.

AE hits for a lightly oiled bearing AE hits for a greased bearing
Run 1
Run 2
Run 3
Run 4
Run 5
Average

16,900

6

18,386

11

18,567

22

18,858

84

22,726
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19,087

32
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Fig. 15. Comparison of AE hits for a lightly oiled and a greased bearing.
Table 4. peak to peak current values for lightly oiled and greased bearing

Peak to peak current for Lightly

Peak to peak current for

Oiled Bearing

Greased Bearing

Run 1

2.13

1.75

Run 2

2.12

1.77

Run 3

2.11

1.74

Run 4

2.12

1.74

Run 5

2.17

1.71

Average

2.13

1.74
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Fig. 16. Comparison of Peak to peak current value for lightly oiled and greased
bearing.

% increase with respect to greased bearing
100
90
80
70
60
50
40
30
20
10
0

99.83

18.18

AE

MCSA

Fig. 17. Comparison of AE and MCSA techniques for a greased and a lightly
oiled bearing.
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Fig. 18. FFT’s of the current signal when the bearing is lightly oiled and when
greased.
5.1.1 Discussion:
For the first experiment, we compare AE and MCSA for a lightly oiled
bearing and a greased bearing. The terms lightly oiled bearing and greased
bearing are already defined. Looking at the results from Table 3 and Fig.15, we
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see that the number of hits for a lightly oiled bearing is higher (19087) than
compared to the number of hits for a greased bearing (32). The explanation for
this would be that for a lightly oiled bearing the film which separates the balls of
the bearing with the outer and inner race of the bearing is very thin than
compared to a greased bearing. This induces a lot of metal to metal contact
between the balls and raceways of the bearing corresponding to the higher
number of hits. Juha Miettinen and Peter Andersson in the year 2000 showed the
influence of greased lubrication and oiled lubrication on AE parameters such as
number of counts and RMS level [51]. They said that grease lubrication is
different from oil lubrication because the oil in the grease lubricant is bound into
thickener and cannot flow like oil in oil lubricant. This experiment proves that AE
is a good indicator of lightly oiled and greased bearings.
For MCSA we see from Table 4 and Fig. 16, that the current input for the
motor increases for a lightly oiled bearing (2.13) when compared to a greased
bearing (1.74). The reason for the increase in the current input can be the same
as stated above that for a lightly oiled bearing the metal to metal interaction is
more when compared to a greased bearing. Therefore the power required to spin
a lightly oiled bearing is greater than power required spinning a greased bearing.
This increases the load on the motor and subsequently the current increases.
From the FFT signatures of the motor current signal we observe that there are
peaks around the fundamental frequency at 32Hz, 42Hz, 52Hz, 68Hz, 78Hz,
86Hz (Fig 18). These peaks are due to the mechanical imbalance in the motor.
These are the belt slip frequencies that arise due to the belt tension. Dr Howard
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Penrose in his paper [12] stated that these frequencies can occur in FFT signal
due the belt tension. Other than these frequencies we cannot see any other
major frequencies in the FFT. We also see from Fig. 17, that the percentage
change for AE is 99.83 while the percentage change for MCSA is 18.18. Hence
we can say that MCSA is not such a good technique for detecting the difference
between a lightly oiled bearing and a greased bearing when the bearing is
attached remotely to the motor using a belt drive. However we can look at the
input signal to know if there is any increase in the current input to the motor.

5.2 Effect of eccentric load on both MCSA and AE when the bearing is
remotely attached to the motor
For the second experiment we compare AE and MCSA for a greased
bearing with no mass with a greased bearing subjected to eccentric loading. We
use a double taper spherical roller bearing (SKF 22207) for this purpose. The
bearing was packed with 20 grams of purity FG food grade grease. The results
were taken when the shaft was rotating at 700 rpm and for statistical consistency
the experiments were run for 5 times under same condition and an average of
the 5 readings were taken. The eccentric load attached has a weight of 0.627 lb
and it is 4 inch offset from the center of the shaft. The resultant eccentric load
acting on the bearing is 13247 in-lb
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Table 5. AE data for a bearing subjected to no eccentric load and a bearing
subjected to eccentric load.

AE hits for a greased bearing

AE hits for a greased bearing

without any eccentric load

subjected to eccentric load

Run 1

6

8,552

Run 2

11

14,399

Run 3

22

19,229

Run 4

84

15,999

Run 5

38

17,074

Average

32

15,050

Fig. 19. Comparison of AE hits for a bearing subjected to no eccentric load and a
bearing subjected to eccentric load.
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Table 6. MCSA peak to peak current in amps for a bearing subjected to no
eccentric load and a bearing subjected to eccentric load.

Peak to peak current for a
greased bearing without any
eccentric load

Peak to peak current for a
greased bearing subjected to
eccentric load

Run 1

1.75

2.22

Run 2

1.77

2.17

Run 3

1.74

2.17

Run 4

1.74

2.17

Run 5

1.71

2.15

Average

1.74

2.17

Fig. 20. Comparison of peak to peak current for a bearing subjected to no
eccentric load and a bearing subjected to eccentric load.
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Fig. 21. Comparison of AE and MCSA techniques for bearing subjected to no
load and eccentric load.
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Fig. 22. FFT of the current signal for a bearing subjected to no eccentric load and
a bearing subjected to eccentric load.
5.2.1 Discussion
For the second experiment we compare AE and MCSA for a greased
bearing with no mass with a greased bearing subjected to eccentric loading. As
we can see from Table 5 and Fig. 19, The AE hits when eccentric load is applied
50

on the bearing is much higher (15050) than the AE hits when the bearing was run
without any eccentric loading (32). This phenomenon can be explained from the
fact that when an eccentric load is applied on the shaft of a bearing the resultant
forces from the load squeeze the grease out of the bearing and that results in the
metal to metal interaction between the rolling elements and the raceways of the
bearing. This work shows that the number of AE hits can be used as a very good
indicator to show the presence of eccentric load on the bearing.
For MCSA we see from Table 6 and Fig. 20 that the current input from a
greased bearing (1.74 amps) to a greased bearing with eccentric loading (2.17
amps) has increased by almost 20%. This increase in the input current to the
motor can be attributed to eccentric loading in a way that when eccentric loading
is applied on the shaft of a bearing. It pushes out the grease from the bearing,
which results in metal to metal interaction and makes it harder to rotate the
bearing. This increases the load on the motor and increases the input current to
the motor. When we look at the FFT’s of the greased bearing with the eccentric
loaded bearing we see not much of a difference than the peaks at 32Hz, 42Hz,
52Hz, 68Hz, 78Hz, 86Hz (Fig. 22) which are on either side of fundamental
frequency as in experiment number one. These frequencies are due the
mechanical imbalance and the pulley tension as mentioned in experiment
number one. The vibrations from the eccentric load are carried out from the shaft
to pulley to the belt drive which neutralizes the vibration from going on into the
motor. Also we see from Fig. 21, that the percentage change in the AE signal is
99.78 while the percentage change in the AE signal is 20.11. Overall we can say
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that MCSA is a bad indicator for eccentric loading when the eccentric load is
applied remotely onto a bearing which is attached to the motor with the help of a
belt drive. However the change in current can be noticed due to MCSA and
suitable action can be taken.

5.3 Effect of metal particles contamination on MCSA and AE when the
bearing is remotely attached to the bearing
For the third experiment we compare AE and MCSA for a lightly oiled
bearing when metallic contaminants are introduced into it. We introduce metallic
contaminants of the size between 0.25 to 0.5 mm in size (Fig. 23). These metallic
particles are actually steel particles which were obtained from a frictional pair of
steel on steel. We introduce 90000 particles into a double taper spherical roller
bearing (SKF 22207) with increments of 18000. The results were taken when the
shaft was rotating at 700 rpm.

Fig. 23. The metallic particles when viewed under a scanning electron
microscope before they were put in the bearing.
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Let us have a look at the AE and MCSA results when the metallic
contaminants were introduced.

Fig. 24. Comparison of AE hits with increasing number of contaminants in the
bearing.
The data is clearer when we look at the counts vs. amplitude distribution
of the AE in Fig 25.
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Fig. 25. Counts vs. Amp vs. Time distribution of AE with increasing number of
metal particles.

Fig. 26. Comparison of AE peak to peak current value with increasing number of
metal particles.
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Fig. 27. Metallic particles when seen under a scanning electron microscope after
the test was done.
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Fig. 28. FFT of the input current signal when no metal particles are introduced
and when 90000 metal particles are introduced.

5.3.1 Discussion
In the third experiment, we compare AE and MCSA for a lightly oiled
bearing when metallic contaminants are introduced into it. Steel particles with
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size between 0.25 mm and 0.5mm are added into the test bearing which is
connected to the motor remotely in increments of 18000 particles. Fig. 23 shows
the photographic images taken using a scanning electron microscope of particles
introduced into the bearing. Fig. 24 shows us the increase in the number of AE
hits with the increase in the level of contamination. For the first increment of
contamination the number of hits remains same as the amount of hits when a
lightly oiled bearing is run. The number of hits increases significantly and remains
same when second and third level of contaminants is added. This phenomenon
is observed because the metallic particles are crushed and flattened in between
the bearing elements and the races and they do not hinder the motion of either of
the bearings components when they are flat. Fig. 27 is the photographic
evidence of this phenomenon. The particles due to the absence of lubricant are
directly contacted by the bearing elements and races. Juha Miettinen and Peter
Anderson [51] in 2000 have shown AE results when different types of
contaminants, sizes and hardness of the contaminants are present, where as we
discuss the introduction of metallic contaminants in a lightly oiled bearing. CC
Tan [50] in his results showed that AE activity doesn’t show very much when the
defect size is less than 0.5mm, but with increase in the defect size beyond
0.5mm AE activity increases exponentially. Our results show that with the first
two levels of contamination there is no much difference in the AE activity but with
the third level of contamination the AE hits increase from 50000 to 120000. We
can also see from Fig. 25 that the AE activity increases with the introduction of
contaminants in the bearing and the amount of activity is directly proportional to
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the amount of contaminants added. Therefore we can say that AE is a good
indicator of the presence of metallic contaminants in a bearing.
For MCSA, we see from Fig. 26 that the current in amps increases when
18000 particles and introduced and increases further when 36000 particles are
introduced. This can be attributed to the fact that when metal particles are
introduced into the bearing the bearing takes more power to spin due to the
particles and it needs energy to crush the particles between the roller elements
and the raceway. The current decreases from 36000 particles to 54000 particles
as the particles are already crushed, and it takes less power to spin the bearing.
But then again it increases from 54000 to 72000 particles and reduces from
72000 particles to 90000 particles. The input current is not a good indicator of the
metal contamination because the change in current is very litlle and the increase
of the current is not proportional to the amount of contaminants introduced.
Looking at the FFT of the current signal does not help us much either. We see
peaks at 32Hz, 42Hz, 52Hz, 68Hz, 78Hz, 86Hz (Fig. 28) which are on either side
of fundamental frequency as in experiment number one and two. These
frequencies are due the mechanical imbalance and the pulley tension as
mentioned in experiment number one. The vibrations from the metallic particulate
contamination are carried out from the bearing to the shaft to the pulley to the
belt drive which neutralizes the vibration from going into the motor. Overall we
can say that MCSA is a poor detection method when metal particle contaminants
are introduced into the bearing and if the bearing is remotely attached to the
motor through a belt drive.

58

5.4 Effect of eccentric load on MCSA and AE when the load is applied
directly on the bearing inside the motor
In the fourth experiment we compare between AE and MCSA signals for
bearing subjected to eccentric mass and it is placed inside the motor. A SKF
6203 deep groove ball bearing was used for this purpose and the bearing is
directly shrunk fir onto the rotor of the motor. The eccentric load is applied on the
rotor of the shaft and because the pulley and eccentric load are directly applied
on the rotor of the motor. It qualifies as dynamic eccentric load acting on the
bearing. Dynamic eccentricity is defined as the eccentric load where the load
acting on the rotor of the motor changes with the position of the rotor. Due to this,
the air flux density between the rotor and the stator changes and we can see the
peaks in the FFT of the input current signal. The bearing was packed with 10
grams of purity FG food grade grease. The results were taken when the shaft
was rotating at 1140 rpm and for statistical consistency the experiments were run
for 3 times under same condition and an average of the 3 readings were taken.
The eccentric load attached has a weight of 0.22 lb and its 2 inch offset from the
center. The resultant eccentric load acting on the bearing is 6265 lb-in.
Let us take a look at the AE data when the motor is run with and without the
eccentric load.
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Table 7. AE data for a greased bearing subjected to no load and an eccentric
load

AE hits for a greased bearing

AE hits for a greased bearing

without any eccentric load

subjected to eccentric load

Run 1

20

20

Run 2

20

72

Run 3

21

25

Average

20

39

Fig. 29. Comparison of AE hits for a bearing subjected to no load and eccentric
load.
Now let’s have a look at the peak to peak current data when the bearing is
subjected to no load and eccentric load.
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Table 8. Peak to Peak current data for a motor subjected to no eccentric load
and eccentric load

Peak to Peak current for a
greased bearing without any
eccentric load

Peak to Peak current for a
greased bearing subjected to
eccentric load

Run 1

9.51

18.96

Run 2

9.55

19.00

Run 3

9.54

18.8

Average

9.54

18.93

Fig. 30. Comparison of Peak to Peak current value when a motor is subjected to
no eccentric load and when a motor is subjected to eccentric load.
Let’s have a look at the FFT of the input current signal when the motor is
subjected to no eccentric load and when it is subjected to eccentric load.
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% increase with respect to no load
100
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40
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47.87

49.60

AE

MCSA

Fig. 31. Comparison of AE and MCSA techniques for motor subjected to no load
and eccentric load.

Fig. 32. FFT of the current signal when the motor is not subjected to any
eccentric load
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Fig. 33. FFT of the current signal when the motor is subjected to eccentric
loading.
5.4.1 Discussion
In the fourth experiment, we compare between AE and MCSA signals for
bearing subjected to eccentric mass, and it is placed inside the motor. The AE
sensor is placed on the housing of the motor near the bearing as seen in Fig. 14.
As seen from Table 7 and Fig. 29, we see that there is very little difference in the
average number of AE hits when the motor is run with no eccentric load (20) and
when the motor is run with eccentric load (39). When eccentric load is applied on
a bearing, the force excreted squeezes out the grease in the bearing resulting in
metal to metal contact between the rolling elements and the raceways. But in this
case the AE sensor was not placed directly on the bearing as in experiments 1, 2
and 3, but it’s placed over the motor housing and the sensor cannot pick up the
AE activity as clearly as in experiment 2. Therefore this results in a very little
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change in the number of hits. Therefore we can say that AE is not such a good
indicator for eccentric loading when the bearing is placed inside the motor.
Whereas for MCSA the current input of the motor when it is run with no
load (9.54) and the current input for the motor when it is run with eccentric
loading (18.93) increases by almost double (Table 8 and Fig. 30). This is due to
the fact that the eccentric load is applied directly onto the rotor of the motor and
the type of eccentricity applied is dynamic eccentricity that is the eccentric load
changes with the change in rotor position. So with the eccentric load applied
directly onto the rotor the air flux density between the rotor and the stator
changes resulting in more load acting on the motor and subsequently increases
the current input to the motor. The dynamic eccentricity should also be seen in
the Frequency spectrum of the input current signal of the motor. We see from
equation (7) that the eccentric loading on the motor shows up in the frequency
spectrum of the motor as

fecc = fs 1 ± m
Where,
fs is the current supply frequency for the motor = 60Hz
m = 1, 2, 3…
“s” is the slip of the motor. Slip is the result of the induced field in the rotor
windings lagging behind the rotating magnetic field in the stator windings. Slip is
expressed as a percentage of synchronous speed and is given by the formula:

× 100

(13)
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The synchronous speed of an AC induction motor is the theoretical speed
at which the motor should spin if it the induced magnetic field in the rotor
perfectly followed the rotating magnetic field of the stator = 1200 rpm.
Therefore slip = [(1200 – 1140)/1200] X100 = 5%
“p” is the number of poles of the motor = 6.
Therefore substituting all the values in formula (7), we get fecc = 20Hz
This frequency of 20 Hz shows up in the frequency spectrum as
f = |fs m fecc|

(14)

Where m = 1,2,3…
Therefore we should see two sidebands which are at 20Hz frequency on
either side of the supply frequency. From Fig. 32 and Fig. 33, we see that when
eccentric load is applied onto the rotor of a motor we see two peaks occurring at
20 Hz on either side of the supply frequency. Also we see from Fig. 31, that the
percentage change in the AE signal is 47.87 while the percentage change in the
AE signal is 49.6. Thus we can say that MCSA is a very good indicator of
eccentric loading when the load is applied directly on the rotor of the motor.
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5.5 Effect of damaged raceway of a bearing on MCSA and AE when
the bearing is installed on the rotor shaft of the motor
In the fifth experiment we look at the change in MCSA and AE signal when
the outer race of a bearing is damaged. For this experiment we use a SKF 6203
bearing and make an elliptic hole on the outer race with the major axis diameter
of 0.3 inch and the minor axis diameter of 0.15 inch (Fig. 34).

Fig 34. Outer race of a bearing with artificially introduced hole.
This damaged bearing was heated and is shrunk fit onto the rotor of the
motor very carefully (Fig. 35). The rotor is then placed back into the stator and
the front cover is put on the motor and tightened with screws. The motor runs at
1140 rpm and both the MCSA sensor and the AE sensor are mounted onto the
motor. Due to the damage on the bearing, the air flux density between the rotor
and the stator changes. MCSA readings were taken for 3 runs and an average

66

was calculated but the AE was run only once for a five minute duration because
of safety issues.

Fig. 35. The damaged bearing is shrunk fit onto the rotor of the motor.

Fig. 36. AE hits for a normal motor and motor with damaged bearing.
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Fig. 37. Comparison of AE energy for a normal motor and motor with a damaged
bearing.
Let’s now take a look at the MCSA data
Table 9. Peak to peak current data for a normal motor and a motor with a
damaged bearing.

Peak to Peak current for a

Peak to Peak current for a

greased bearing without any

greased bearing subjected to

eccentric load

eccentric load

Run 1

9.51

18.96

Run 2

9.55

19.00

Run 3

9.54

18.83

Average

9.54

18.93
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Fig 38. Comparison of peak to peak current data for a normal motor and a motor
with a damaged bearing.

Fig. 39. Comparison of AE and MCSA techniques for motor subjected to no load
and with damaged outer race.
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Fig 40. FFT of input current signal for a normal motor.

Fig 41. FFT of input current signal for a motor with damaged outer race.
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5.5.1 Discussion:
In the fifth experiment we look at the change in MCSA and AE signal when
the outer race of a bearing is damaged. An elliptic hole of major axis 0.3 inch
diameter and a minor axis of 0.15 inch diameter was crafted on a SKF 6203
bearing. This hole qualifies as an outer race defect. The hole was elaborately
done because small bearing faults would not appear in the frequency spectrum
of the current signal as discussed earlier. As we can see from Fig. 36 the number
of AE hits increases when a damaged bearing was introduced in the motor.
When the balls of the bearing pass over the hole a lot of AE activity is generated,
and the AE sensor catches it even when it is placed on the body of the motor.
We can even see that the AE energy increases a lot with the introduction of a
damaged bearing (Fig. 37). The threshold of the sensor was put at 45.1 dB.
Hence, we can say that AE is a good indicator of a damaged bearing inside a
motor provided the damage is sufficiently large.
Looking at MCSA data from Table 9 and Fig. 38, we can see that the input
current of the motor has increased when the motor was run with a good bearing
(9.54) and when the motor was run with a damaged bearing (18.93). This is due
to the fact that the bearing is placed directly onto the rotor of the motor and when
the motor is run with the damaged bearing inside it, every time a ball passes
through the hole on the outer race the rotor moves along with it causing a change
in the air flux density between the rotor and the stator. This change in the air flux
density subsequently increases the current input to the motor. As we recollect for
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earlier we know that each bearing has its own outer race defect frequency and
it’s given by the formula (1) as

fv [Hz] =

fr[1 −

∅

]

We know from Table 2 that for a 6203 bearing running at 1140 rpm the
outer race defect frequency calculated is 58.2Hz. This defect frequency shows
up in the current spectrum as (5)
fBNG = |fs m fv|
Where m=1, 2, 3…
Therefore we must see peaks on the frequency spectrum of the input
current signal at frequencies 1.8Hz and 118.2Hz when m=1 and 56.4Hz and
174.4Hz when m=2.
From Fig. 40 and Fig. 41, we see that there are peaks present at 1.8Hz,
118.2Hz, 56.4Hz and 174.4Hz in the frequency spectrum. The peaks are not that
high because as discussed earlier MCSA is a bad indicator of bearing faults and
it takes a trained eye to notice the changes. Also we see from Fig. 39, that the
percentage change in the AE signal is 77.33 while the percentage change in the
AE signal is 49.6. Therefore we can say that MCSA is a very good indicator when
a damaged bearing is present in the motor.
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5.6 Effect of elevated temperatures on MCSA
For the sixth experiment we compare the Peak to peak current value of a
motor when it’s run at 150 degrees Fahrenheit and the peak to peak current
value of a motor when it’s run at normal ambient temperature. The FFT’s are also
compared. The damaged bearing is replaced with a normal 6203 bearing which
is properly greased and shrunk fit onto the rotor of the motor. The speed of the
motor is 1140 rpm. A heat gun was used for this purpose and it possible of
generating heat up to 1100 degrees Fahrenheit. The motor is enclosed in an
insulating chamber with two holes. Through one hole the heat gun is inserted and
the other hole is passage for the air to go out. Temperature probes are put in the
insulating chamber and the heat gun is run until the motor reaches 150
Fahrenheit.
AE readings were not taken for this experiment because the sensor is not
meant to withstand high temperature.
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Table 10. Peak to peak current data for a normal motor and a motor with a
damaged bearing.

Peak to Peak current for a
motor running at ambient

Peak to Peak current for a motor
running at an elevated temperature

temperature

of 150F

Run 1

19.25

19.10

Run 2

19.10

18.91

Run 3

19.02

18.91

Run 4

19.03

19.02

Run 5

19.07

19.21

Average

19.10

19.03

Fig. 42. Comparison of current in amps for a motor running at ambient
temperature and a motor running at 150F.
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Fig. 43. FFT of a motor running at ambient temperature.

Fig. 44. FFT of a motor running at elevated temperature of 150F.
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5.6.1 Discussion
For the sixth experiment we compare the Peak to peak current value of a
motor when it’s run at 150 degrees Fahrenheit and the peak to peak current
value of a motor when it’s run at normal ambient temperature (Table 10 and Fig.
42). AE data is not taken for this experiment because the sensor is not meant to
run t elevated temperatures. From Table 10 we see that is no significant change
in the current input when the motor is run at ambient temperature and elevated
temperature.
Even from the frequency spectrum of the current from Fig. 43 and Fig. 44,
we do not see any peaks in the spectrum. Therefore we can say that change in
temperature has little effect on the motor running condition provided the change
in temperature is significantly less.

5.7 Results from Kellogg’s
We had a chance to go to the Kellogg’s plant in Memphis and have
recorded real time data from the motors at Kellogg’s. We went up on the corn
dryer and collected MCSA data from 8 fan motors. AE data was not recorded as
the sensor is not meant to be run under elevated temperatures. These motors
run at 225 degrees Fahrenheit and at speeds of 1800 rpm. Fans are attached to
the motors directly, and each fan weighs around 60 lb’s.
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Comparison of input current for 8 motors
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8.31
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ED3247
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0
ED3239

ED3240

ED3245

ED3246

Fig 45. Comparison of current in amps for 8 motor’s from Kellogg’s.

Fig 46. Motor Current signal of the motor ED3246 from Kellogg’s
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Fig 47. FFT of signal of motor ED3245 from Kellogg’s.

Fig. 48. FFT signal of motor ED3246 from Kellogg’s.
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5.7.1 Discussion
We monitored 8 motors from Kellogg’s whose input current supply
frequency is 42 HZ. If we take a look at Fig. 45, where the input current for the
motors was compared, we see that one particular motor (ED 3246) takes in more
current than the other motors. From Fig. 46, which shows us the time domain
signals we see that there are a lot of peaks in the signal. These peaks can be
attributed to a lot of things, eccentric load, broken rotor bars or a bad bearing. To
find the reason for the abnormality, we look at the FFT of the motor. Fig. 47
shows us the FFT of the motor ED3245, which takes in the least amount of
current and Fig. 48 shows us the FFT of motor ED3246, which draws highest
current. From Fig. 48, we see peaks at 24, 60, 79 and 165 HZ. These
frequencies cannot be attributed to bearing defects because the amplitude of
bearing defect frequencies in the FFT is a very small value. If we look at
Experiment 5.4, we see that eccentric loading gives 2 clear peaks on either side
of the supply frequency. We will verify if the peaks are due to eccentric loading.
We see from equation (7) that the eccentric loading on the motor shows up in the
frequency spectrum of the motor as

fecc = fs 1 ± m

Where
fs is the current supply frequency for the motor = 42Hz
m = 1, 2, 3…
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“s” is the slip of the motor. Slip is the result of the induced field in the rotor
windings lagging behind the rotating magnetic field in the stator windings. Slip is
expressed as a percentage of synchronous speed and is given by the formula:

× 100

(13)

The synchronous speed of an AC induction motor is the theoretical speed
at which the motor should spin if it the induced magnetic field in the rotor
perfectly followed the rotating magnetic field of the stator = 3600 rpm.
Therefore slip = [(3600 – 3420)/3600] X100 = 5%
“p” is the number of poles of the motor = 6.
Therefore substituting all the values in equation (7), we get fecc = 14 Hz
This frequency of 14 Hz should show up in the frequency spectrum as
f = |fs m fecc|

(14)

Where m = 1,2,3…
Therefore we should see two sidebands which are at 14Hz frequency on
either side of the supply frequency, i.e., we should see peaks at 28 HZ and 56
HZ. The peaks in the Fig. 48 are at 24 HZ and 60 HZ.
Thus we can say that the peaks in the Fig. 48 are not due to eccentric
loading. The signals from motors at Kellogg’s do not show any similarities with
the lab experiments results, the abnormalities in the figure could be due to
broken rotor bars or stator winding etc. Further research into the area of MCSA is
required for the interpretation of results.
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For the Kellogg’s plant in Memphis, we can still continue using MCSA
because even though the cause for the failure was unknown, MCSA did indicate
its faulty operation through the current input data. Kellogg’s can also consider
incorporating new AE sensors which are capable to with stand high temperatures
to condition monitor their motors.
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CHAPTER 6. CONCLUSION

In this thesis, I compared two non-invasive, online condition monitoring
techniques AE and MCSA, for electric motors independently subjected to
eccentric loading, bearing contamination and elevated temperatures. I performed
several experiments where the motors were subjected to load directly and
remotely through a belt drive.
AE and MCSA have their relative merits and demerits. Table 11 and
Table 12 summarize the advantages and disadvantages of both the methods.

Table 11. Comparison of AE and MCSA in terms of cost and ease of use

Technique

Cost/Ease of use

AE

•
•
•

Costly
Limited by harsh environment.
Hard to isolate component to signal

MCSA

•
•
•
•
•

Low cost
Non intrusive
Online
Simple to implement
Detects electrical failures of motors.
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Table 12. Comparison of AE and MCSA for different types of faults

Technique

AE

MCSA

Eccentric Load

Contamination

Bearing defects

****
Able to detect
eccentric loads and
discern small
changes.

****
Able to detect the
presence of
contaminants

****
Proven method
to detect
different bearing
defects.

****
Able to detect
eccentric loads and
discern small
changes loads.

**
Complex signal
processing

**
Very difficult to
interpret.

The results from the experiments show that


AE is a sensitive indicator of the bearing condition when the sensor is
placed directly on the bearing. But it’s not such a good indicator if the
sensor cannot be mounted directly on the bearing.



MCSA is not sensitive to the bearing condition when the bearing is
connected remotely to the bearing with the help of a belt drive, but it is a
sensitive indicator of the bearing health if the test bearing is placed inside
the motor.



Temperature has little or no effect on the running of a motor provided the
change in temperature is until 150F.
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For Kellogg’s to condition monitor their motors, I suggest by looking at the
results, using both MCSA and AE. The use of MCSA and AE may not only be
limited to corn dryers but also can be extended to other machines. Further
research into these areas would be helpful in getting a clear understanding of the
failure process.
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